Facile chemical synthesis and understanding of the formation mechanism of silver nanoparticles, ordered on the microscale on one-dimensional (1D), 2D or in 3D structures of complex forms is challenging for advanced applications, in electronics, optoelectronics, and medicine, to mention a few. Signifi cant results obtained in the comprehension of assembling mechanisms in solutions of silver nanoparticles in 1D, 2D, and 3D organic-inorganic mesostructures are surveyed together with details on their preparation and characterization. Emphasis will be placed on very recent results obtained in our laboratories on self-assembly of silver nanoparticles in 1D microstructures and hierarchic ordering in 3D fl ower-like mesostructures monitored and studied by in situ and time-resolved small angle X-ray scattering (SAXS) measurements.
Introduction
Nanoscience and nanotechnology, after having achieved excellent results in controlled synthesis of individual components, are progressively focusing their assembly into larger systems with well-defi ned structures [1 -3] .
Assemblies of nanoscaled metal building blocks with defi ned structures present collective optical, electronic, catalytic, and magnetic properties which are distinctly different from the corresponding single nanoparticles [4 -7] . Hierarchic self-assembly is the ultimate fabrication process for complex nanostructures and ensures molecular-level pattern precision and parallel processing [8 -13] .
Micrometer long linearly assembled noble metal nanoparticles are well suited for application in sub-wavelength optical guiding structures, i.e., in the transport of electromagnetic excitation along chains of noncontacting metal nanoparticles to desired locations with nanometer precision or they can serve as antennas to convert light into localized electric fi elds [14, 15] . These applications are made possible through a strong interaction between incident light and free electrons in the nanostructures. With a tight control over the nanostructures in terms of size and shape, light can be effectively manipulated and controlled with unprecedented accuracy [16] . Although many new technologies stand to be realized from this new branch termed plasmonics, with examples including superlenses [17] , invisibility cloaks [18] , and quantum computing [19, 20] , conventional technologies such as microprocessors and photovoltaic devices could also be made signifi cantly faster and more effi cient with the integration of plasmonic nanostructures [21 -24] . Of the metals, silver has probably played the most important role in the development of plasmonics, and its unique properties make it well suited for most of the next-generation plasmonic technologies [25 -28] . Silver is especially attractive because bulk silver shows the highest electrical and thermal conductivities amid the metals and nanoscale silver, dependent on its size and shape, exhibits very strong surface plasmon resonance [29 -31] .
Among the many methods available to prepare metal linearly ordered nanoparticles, the chemical methods in solution are especially attractive, because they are simple, rapid, and not expensive, and last, but not least, easy to scale up. In particular, self-assembly, the spontaneous and reversible organization of molecular units into ordered structures by noncovalent interactions is a powerful tool to build organicinorganic materials organized from the nano-to the microand macro-scale [32] . It is now well recognized that hierarchic organic-inorganic materials organized from the nanoscale to the micro-and macro-scale are built by strong and weak interactions between the organic and inorganic components [33 -38] . The understanding of such interactions is challenging for many applications in nanotechnology spacing from magnetism and sensors to artifi cial tissues such as muscle fi ber and skin [39 -42] .
Unfortunately, however, partially due to the complexity of the chemical and structural interactions, determining such fascinating hierarchic arrangements, in most of the cases, their formation mechanism is unknown. This means, just to cite a crucial point, that the optimization of the reactions is left to a trial and error procedure, long, tiresome, and in many cases unsuccessful.
The aim of this review is thus to survey signifi cant results obtained in the comprehension of assembling mechanisms in solutions of silver nanoparticles in one-dimensional (1D), 2D, and 3D organic-inorganic mesostructures. Details will be provided on the preparation and characterization of 1D and 2D organic-silver particle mesostructures in the fi rst section.
In the second section, emphasis will be placed on very recent results obtained on assembling silver nanoparticles in 1D polymer-inorganic microstructures and hierarchic ordering in 3D mesostructures.
As examples, the organic-silver 1D and 3D mesostructures obtained by Shu et al. together with results achieved on their formation mechanism and those obtained in our laboratories on the formation of 1D and 3D hierarchic polymer-silver nanoparticle mesostructures monitored by in situ and time-resolved small angle X-ray scattering (SAXS) will be described in detail.
In particular, in situ , time-resolved SAXS investigations have allowed following the multistep kinetics of particle formation and assembling, showing evidence of unexpected, long-range polymer interactions, and formation of crystalline silver particles through aggregation of primary particles. The importance and multifunctional roles of the polymer in particle formation and aggregation mechanisms are clear. It is noted that to date the roles of the organic systems have been somewhat undervalued because they are only limited to generic " particle stabilization " effects. We aim to focus the attention of the reader on the interplay between chemical and structural interactions between the organic and inorganic agents that determine, through complex, multistep processes, and to some extent shown by in situ time-resolved SAXS measurements, particle size, shape, and aggregation in micrometer long chains and ordering in homogeneous 3D mesostructures.
Silver nanoparticle linear assembly in polymer solutions
Two paradigmatic signifi cant examples are given to highlight the different roles of the polymer on the silver particle linear aggregation mechanism. In the fi rst example, the polymer plays two clear roles, that is, (i) the reducer of AgNO 3 and (ii) the shape static template. In the reaction solution, the block copolymer forms hexagonally packed water channels surrounded by a continuous oil domain. The water channels constitute the microreactors of the reaction, their shape determining the particle alignment.
In the second example, the driving force to the particle alignment is more subtle resulting from the interplay of chemical and structural polymer-silver interactions probably leading to the formation of a dipolar moment within the particle which in turn drives the particle linear assembly.
Silver nanoparticle chains formed in block
copolymer solution This approach utilizes the dual functionality of a reverse hexagonal liquid crystalline template containing a built-in reducing agent facing the aqueous domain. The liquid crystal was loaded with a silver nitrate solution, and the slow reduction of the silver ions by the reducing groups of the surface-active polymer resulted in the formation of 3-nm sized silver particles, i.e., in the same size regime as the diameter of the aqueous domain of the liquid crystal [43] . The nanoparticles were subsequently aligned by the liquid crystal forming macroscopic silver/liquid crystalcomposite fi bers of several millimeters in length. Specifi cally, the surfactant used in the study was the commercially available surfactant Pluronic P123, which is a poly (ethyleneoxide)-block-poly(propyleneoxide)-block-poly(ethyleneoxide), with the composition EO20PO70EO20. Mixtures of P123, butyl acetate, and water have been thoroughly studied, and phase diagrams are available in the literature [44] . The phase used in this study is composed of hexagonally packed water channels surrounded by a continuous oil domain. The water channels are separated from the oil by a monolayer of the polymer. The hydrophilic polyethylene groups point towards the aqueous domain and the silver ions. It has been reported that EO-type nonionic surfactants can reduce silver ions to metallic silver through oxidation of their oxyethylene groups [45] . The rate of oxidation of the surfactants is, however, relatively slow [45] , enabling the liquid crystalline phase to form and to work as a direct template when the reduction of the silver commences.
The synthesis procedure of the macroscopically aligned silver nanoparticles was as follows. The surfactant Pluronic P123 was mixed with butyl acetate and silver nitrate dissolved in water in the weight ratio of 10 P123:7 butylacetate:0.03 AgNO 3 :2.97 H 2 O. The silver concentration used was 1 wt % , and the water was of Milli-Q purity. The mixture obtained was in the form of a clear, highly viscous pale yellow gel. The gel was left to equilibrate at room temperature in a covered glass beaker for 6 months. During this time the yellow color of the mixture successively darkened as a result of the reduction of silver ions. The mixture was subsequently washed with ethanol and the solid product was collected by fi ltering. The recovered product was in the form of millimeter-long fi bers with an aspect ratio of 20 -40 and showing metallic luster. Figure 1 shows the small-angle X-ray diffractograms for the liquid crystalline template in the absence and in the presence of silver nitrate. Both diffractograms show the presence of four diffraction peaks, one strong (100) and three weak ones (110), (200), and (210), that obey the relationship1:3:2:7, which is characteristic of reverse hexagonal liquid crystals [43] . This shows that the formation of the liquid crystalline template was successful and that its ordered hexagonal mesostructure was maintained also upon introduction of silver nitrate. The increase in intensity of the diffraction peaks (Figure 1 B) is clear evidence of a successful incorporation of silver nitrate inside the aqueous domain of the liquid crystal. In addition, the diffraction peaks are slightly shifted to lower angles upon introduction of the silver nitrate (Figure 1 B) , and this is attributed to a swelling of the liquid crystal as a result of silver nitrate incorporation.
As the silver ions are being reduced inside the reverse hexagonal liquid crystalline template, a corresponding oxidation occurs. It has previously been found that oxyethylene groups in PEO-type nonionic surfactants can reduce silver ions to metallic silver [45] , so it is most likely that the oxyethylene groups in the Pluronic P123 can also act as reducing agents for silver in this case. Figure 2 A -C shows the transmission electron micrographs (TEMs) of the silver fi bers obtained dispersed in acetone. The broken silver fi ber in Figure 2 A reveals, at the fractured area, the presence of the thinner mesoscopic ordering. Even so, the narrow size distribution, along with the particle size, clearly indicates that the particles were formed in a constrained space of the same size range as present in the liquid crystalline structure. By contrast, the diameter of the fi brils and fi bers ranges from 30 nm to several hundreds of micrometers.
The aligned nanoparticles formed during the synthesis in the reverse hexagonal liquid crystal were crystalline as evidenced by electron diffraction pattern of a collection of silver nanoparticles present in a fi ber. The pattern is rather diffuse due to the small particle size, but three diffraction rings were clearly seen and they could be indexed to the face centered cubic structure of silver. A further confi rmation of the silver nanoparticles was obtained from the energy dispersive spectrometer (EDS) in the TEM instrument, which showed that the nanoparticles are made of silver.
During the synthesis of the silver nanoparticles, the liquid crystal became successively less viscous. This is an expected result from the oxidation of the ethylene oxide chains of the Pluronic P123, and it would indicate that the formation of silver particles is accompanied by the destruction of the reverse hexagonal liquid crystal and thus the loss of the mesostructuring template. However, the fact that the silver nanoparticles are of a uniform size similar to the diameter of the water domains of the liquid crystal [43] and the fact that millimeter-long fi bers are formed suggest that there is still enough mesoscopic order through the synthesis for a macroscopic alignment of the silver nanoparticles to take place. A key to the successful macroscopic alignment of the nanoparticles is that the particles are formed inside the liquid crystal and that they nucleate rapidly in comparison to their growth rate. This minimizes the need for diffusion of the silver nanoparticles inside the liquid crystal and, in addition, yields a small particle size and a uniform particle size distribution.
Silver nanoparticle linear chains and wires formed in polyvinylpyrrolidone solution
The Liz-Marz á n group [46] has reported on the formation of silver nanowires through linear aggregation of spheroidal nanocrystals formed by dimethylformamide (DMF) reduction of AgNO 3 in the presence of polyvinylpyrrolidone (PVP). In a typical synthesis, a fl ask was heated in a silicone oil bath up to 156 ° C, and then 2.5 ml of 0.12 m AgNO 3 and 5 ml of 7.5 61,025 m PVP solutions in DMF were added in turn. Subsequently, the heating was maintained for 40 -60 min and small aliquots were withdrawn during the process for high-resolution transmission electron microscopy (HR-TEM) analysis. It was essential to allow approximately 3 min delay between preparation and addition of the AgNO 3 solution to allow nucleation of small Ag nanoparticles, which served as initial seeds. The PVP solution was added immediately after the silver nitrate to prevent the growth of large spheres [47] . The aggregation of silver nanoparticles occurs through selected facets as shown by HR-TEM images ( Figure 3 ) . The authors pointed out that, to obtain the silver nanowires, through recrystallization of the silver particles at high temperature, a relatively high silver salt concentration (0.02 m ) and high Ag/PVP ratio (200 -800) is needed. This behavior, analogous to the one shown fi brils of which the fi ber is composed. The fi brils are shown in Figure 2 B. A comparison of the contrast between the fi brils and the " untemplated " silver particles that were present also shows that the density in the fi brils is lower. This indicates that the fi brils are composed of smaller Ag particles that are loosely bound together. This is even more apparent in Figure  2 C, which shows two fi brils from the embedded and sectioned sample (thickness ~40 nm). Here, the small particles that make up the fi brils are clearly resolved. The particle size is approximately 3 nm and the particle size distribution is narrow. However, it does not appear as if the particles have a by CdTe quantum dots that spontaneously assemble to form uniform nanowires when part of the polymer is removed [48] , may reveal the presence of particle dipolar moments within the nanoparticles as driving force for their aligning. Such dipolar moments may originate either from nonisotropic nanoparticles, due to well-defi ned facets, selected by preferential adsorption of PVP [49] , which may have different polarizability and from unequal adsorbtions of ions on the surfaces due to the different structure of the various crystallographic facets.
Self-assembly of silver nanoparticle in 2D mesostructure
Although we do not have clear evidence of any hierarchic particle self-assembling on surfaces, for the purpose of completeness on reviewing silver particle self-assembly processes, we report, with two examples, the results recently achieved in large area regular particle self-assembly, a research fi eld very challenging for nanotechnology applications. In the fi rst case, the ordering is obtained at the air-liquid interface and transferred to the substrate by using the Langmuir-Blodgett technique, whereas in the second case, a fl exible phospholipid membrane is the driving force responsible to order the silver nanoparticles on large surfaces.
1.2.1. Silver particle self-assembly at the waterair interface by using the Langmuir-Blodgett (LB)
technique Recently, Toma et al. have succeeded to fabricate homogeneous, large-area, 2D silver particle sheets [50] . First, silver nanoparticles (AgNP) are synthesized by thermal reduction of silver acetate in a melt of myristic acid [CH 3 (CH 2 ) 12 COOH] as both a reactant and a capping agent. AgNP 2D crystalline sheets are fabricated using the LB technique at an air-water interface. A 600 -700 ml solution of AgNP (0.25 -0.3 mg ml -1 ) was spread on Milli-Q water in an LB trough (FSD-220, USI System, Fukuoka, Japan) at room temperature and compressed at a speed of 0.2 mm s -1 . The nanosheet (monolayer) was transferred by the Langmuir-Schaefer method on hydrophobic quartz or Si-wafer substrates modifi ed with hexamethyldisilazane (HMDS). (Figure 4 A -C). Compared with the spectrum of the particles dispersed in toluene, the spectra of AgNP sheets were largely red-shifted to a longer wavelength, ∆ λ ∼ 50 nm, whereas the peak width was kept as narrow as that of the dispersion in solution. The position of the plasmon absorption band of the AgNP sheets did not change with the surface pressures, i.e., the interparticle distance did not change after compression. Figure 5 shows the magnifi ed SEM image and fast fourier transform (FFT) images of the AgNP sheet transferred at 15 mN m -1 . Here, a densely packed hexagonal structure composed of 2D crystalline domains with a core-to-core distance of 6.7 ± 0.1 nm (FFT images) was clearly seen. The edge-to-edge separation of the particles is calculated to be approximately 1.9 nm with an Ag core size of 4.8 ± 0.1 nm. As the molecular length of myristate is approximately 1.86 nm, the long alkyl chains of the myristate capping are assumed to form an " interdigitated structure " in the sheet by hydrophobic interactions on the water, as schematically described in Figure 5 .
The most intrinsic characteristic of our AgNP sheet is the extremely sharp plasmon absorption band. This result suggests a collective excitation of localized surface plasmon resonance (LSPR) in the sheet. Moreover, by exchanging the myristate ligands with alkanethiols, it is possible to control the interparticle distance and tune the LSPR band. Red-shift of the LSPR band of the AgNP sheet followed an exponential law against the interparticle distance in a similar manner to the previous reports of metal nanodisc pairs. However, the 1.2.2. Silver particle self-assembly by using a fl exible phospholipid membrane The Yoon group proposed a novel method of using a solid-supported liquid crystalline lipid membrane as a template to synthesize nanometer-sized particles as well as to force the encapsulation of the resulting particles with lipid molecules [51] . In the multilayer formed by lipids in the liquid crystalline state, the lipid membrane becomes fl exible as a result of chain melting [52] . The fl exibility of the liquid-crystalline lipid membrane, when metal fi lm was deposited onto the liquid-crystalline lipid multilayer, allowed penetration of the metal and subsequent formation of metal nuclei within the multilayer membrane. Subsequent spontaneous encapsulation of metal particles by the lipid molecules would limit the further growth of metal particles beyond an equilibrium size by confi ning the volume and shape of the metal particles. The unique aspect of the approach lies in the fact that the encapsulating lipid molecules are highly mobile and thus able to induce redistribution of metal to produce monodisperse nanoparticles. The mobility of the lipid molecules also expedites the formation of highly ordered nanoparticle superlattices.
1,2-Dioleoyl-snglycero-3-phosphatidylcholine (DOPC) with its transition from the intermediate phase to the liquid crystalline phase at -5 ° C (in vacuum) [53] remains a fl exible membrane at room temperature. Solid-supported DOPC membrane is prepared by spin-coating the lipid solution onto a Si (or fused silica) substrate following the method devised by Mennicke and Salditt [54] . Lipid solution is made by dissolving the lipid in chloroform (10 mg ml -1 ); 100 ml of the lipid solution is used to form the multilayer by spin-coating at 5000 rpm onto a 2 × 2 cm 2 fused silica substrate. After spincoating, the solvent was allowed to evaporate in a freezedryer for 12 h. A 3-nm thick Ag layer was deposited onto the lipid multilayer using a simple thermal evaporator.
Because the lipid is chemically bound to the Ag particle surface, it is conjectured that relatively high mobility of lipids will allow further manipulation of the Ag nanoparticles to tighten the particle size distribution and to possibly form 2D or 3D structures. Hence, the Ag-embedded DOPC membrane was heat treated at 80 ° C in air for 3 h.
After the heat treatment, the particles attained spherical shapes and the average size slightly increased from 6.0 ± 2.3 nm to 6.7 ± 1.7 nm but with tighter distribution. The formation of spherical Ag particles was driven by Rayleigh shape instability as the elongated particles broke apart and, at the same time, the Ag particles experienced coarsening from Ostwald ripening. Both processes were assisted by accelerated material transport from increased lipid mobility.
To provide maximum mobility to the lipid molecules and hence to expedite formation of energetically favorable confi gurations, the Ag-embedded DOPC membrane was redissolved from the substrate using a nonpolar solvent, iso-octane. As the solvent evaporated, depending on the concentration, structures ranging from 2D to 3D superlattices were produced from the self-assembly of Ag nanoparticles. The TEM images were obtained by redissolving the 2-cm 2 membrane in 1 ml of iso-octane. The iso-octane was allowed to evaporate until 20 ml of the lipid solution remained in the vial. Then the shift was much larger and less dependent on the interparticle separation gap. This phenomenon is reasonably interpreted as the long-range interaction of LSPR in the 2D sheet ( " delocalized " LSPR) confi rmed by simulation using the fi nite difference time domain (FDTD) method. FDTD simulation also revealed additional enhancement of local electric fi elds on the 2D sheet compared to those on the single or paired particles. This work confi rms the potentiality of self-assembly to build up long-range ordered regular arrays with nanosized materials synthesized by bottom-up nanotechnology for future plasmonic device applications. The electron diffraction pattern in the inset was indexed to a face-centered cubic (fcc) structure with lattice parameter of 0.41 nm, verifying that the particles are metallic Ag. The particle size distribution curve estimated from TEM analysis clearly attests to the further tightened particle size distribution of the Ag nanoparticles after redissolving in isooctane. Accompanying the tightened distribution was a slight increase in the average particle size, which rose to 7.0 ± 0.7 nm. The narrow size distribution and increased particle size suggest that there was rapid motion of lipid molecules that led to redistribution of Ag. Time-dependent change of Ag nanoparticles in size and distribution, while dispersed in a solvent, has been previously observed [55] . High-magnifi cation TEM images indicate that a nearly regular hexagonal superlattice was generated through ordering of the uniform-sized Ag particles, although a few voids were observed. The interparticle distance (center-to-center) estimated from the Fourier transform of the TEM micrograph was 11 nm, making the distance between two neighboring particles (edge-to-edge) 4 nm, which is substantially shorter than the typical DOPC bilayer thickness (4 -6 nm) [56, 57] .
The distance between two neighboring particles suggests that it is likely that each Ag particle is encapsulated by a single shell of lipid molecules, much like a reverse micelle with the hydrocarbon chains from the lipids interlacing one Figure 2B ) and a schematic drawing of the interdigitated structure of AgNP. Reprinted with permission from RSC: Toma et al. [50] .
another. The TEM result suggests that removal of the excess lipids decreased the interparticle distance. In addition to the decreased interparticle distance, the redistribution of Ag through the lipid motion effected the formation of highly ordered secondary structure. In some regions the Ag nanoparticles were nearly monodisperse. The monodispersity enabled highly regular hexagonal arrangement of the Ag nanoparticles upon which another layer of the Ag nanoparticles were stacked to create a 3D superlattice.
It is remarkable that the irregular elongated Ag particles in the as-deposited state crystallized into a highly regular lattice by imparting increased mobility to the lipids which facilitated redistribution of Ag atoms. Dissolving the Ag-embedded lipid membrane in a polar solvent, chloroform, also resulted in the formation of ordered superlattices, but with increased density of misregistered Ag particles. It appears that in a polar solvent, the head group of lipids may have detached themselves from the Ag nanoparticles, preventing formation of a highlyordered superlattice. However, a complex superstructure was formed when 10 ml of chloroform was dropped on the Ag-embedded membrane and immediately transferred onto a carbon-coated Cu grid using a pipette. In this case, instead of forming a continuous particle layer, a honeycomb-like superstructure was generated. One of the unique properties of the amphiphilic phospholipids is that the phospholipids are able to form various structures: micelle, vesicle and planar bilayer [58] . Utilizing this property, the authors developed a novel approach of using solid-supported lipid membrane to fabricate nanosized metal particles and simultaneously encapsulate the nanoparticles with lipid molecules. High mobility of the lipid molecules enabled production of uniform-sized Ag nanoparticles. Using these lipid-encapsulated Ag nanoparticles, it was possible to produce various superstructures ranging from a 2D planar superlattice, multistacked 3D superlattices and honeycomb-like structure. This method can be easily extended to other noble metals or other transition metals not susceptible to oxidation. The lipid-based template approach to prepare a highly ordered metal particle array demonstrated here can also be useful for creation of a variety of other nanostructures such as nano-biosensor arrays, nano-photonic arrays (such as surface plasmon resonance particles), and nano-catalyst arrays.
Hierarchic silver particle 3D mesostructures
Here we present two examples, in the fi rst case 1D or 3D silver particle mesostructures are obtained by tuning the reaction temperature and/or concentration of the organic agent, whereas, in the second case, the 3D polymer-silver nanoparticle mesostructure results in a multistep process consisting of (i) formation of silver particles covered by the polymer through aggregation of primary particles; (ii) assembling into 1D polymer-silver micrometer long iso-aligned chains; and (iii) ordering into homogeneous fl ower-like mesostructures.
As regards the formation mechanism, in the fi rst case the authors point out as the shape of the various hierarchic architectures obtained results not only by the self-assembling property of the pure organic component but also from the complex organization of the organic component in the reaction solution monitored by the temperature.
In the second example, we have investigated the multistep mechanism by in situ time-resolved SAXS at different temperatures and polymer concentrations. Our data show that the extent of spatial correlations in variable fractal geometries during nanoparticle formation constitutes a key point for understanding the different morphologies of the emerging patterns. Further on, in the following reaction steps, the 3D fl ower-like mesostructure originating by further heating the colloidal silver particle suspension obtained at 40 ° C, has a purely fl ower-like hierarchic arrangement, wherein each petal is composed of bundles of silver nanoparticle chains, each enclosed in a polymer sheath. The ordering arises from strong adsorption of silver ions onto the polymer and by the interplay of the redox properties of nitric and ascorbic acid. As a result, linear silver cyanide, formed on the polymer, probably due to intrinsic electric dipole fi elds, organizes the silver particle chains in dumbbell-like structures, resembling fl owerlike structures.
1.3.1. Hierarchic silver particle 1D and 3D assembling in imidazolium-based ionic liquids The work of Suh et al. [59] is an approach towards the shape-controlled synthesis of Ag crystals with hierarchical structures by exploitation of ionic liquids (ILs) as a shape-regulating agent. The synthesis of Ag crystals involves the reduction of AgNO 3 by ethylene glycol (EG) in the presence of ILs, specifi cally 1-butyl-3-methyl-imidazolium methylsulfate (bmim-MeSO 4 ). In a typical synthesis, bmim-MeSO 4 (0.94 mmol) and AgNO 3 (0.625 mmol) were dissolved separately in 7.5 ml and 2.5 ml of EG and mixed together. The mixture was stirred for 15 min at room temperature and heated in an oil bath. In a series of experiments, the reaction temperature was varied from 120 ° C to 160 ° C, and the reaction continued for 2 h. Then, the reaction mixture was cooled to room temperature, yielding white fl occulants composed of silver crystals. The products were isolated from the solution by centrifugation, fi ltrated, washed, and dried at 80 ° C in a vacuum oven for 12 h.
To understand the role of IL (bmim-MeSO 4 ) in the synthesis of Ag crystals and to see whether their morphologies can be controlled by reaction conditions, the authors have carried out a series of experiments by varying IL concentration in the reaction mixture and reaction temperature. The typical fi eldemission scanning electron microscope (FE-SEM) images of the Ag crystals synthesized at the different reaction conditions are illustrated in Figure 6 , and magnifi ed images of each product are shown in Figure 7 .
The synthesis was initially carried out at 160 ° C with different IL/EG molar ratios and this resulted in the formation of mesoscopic Ag superstructures with distinct morphologies, which the authors defi ned as wires, multi-pods, and bow-tie. When the IL/EG molar ratio was varied from 0.5 to 5, Ag wires are preferentially produced with diameter and length in the range of 200 -400 nm and 10 -15 mm, respectively (Figure 7 A, B) . The crystalline nature of Ag nanowires was confi rmed by an X-ray diffraction pattern with peaks indexed to (111), (200), (220), and (311) of fcc silver. When the IL/EG Therefore, the above result indicates that bmim-MeSO 4 serves not only as a stabilizer to prevent the uncontrolled aggregation of primary Ag nanoparticles but also acts as an effi cient shape-controlling agent to the formation of Ag crystals with various shapes via an IL-mediated self-assembly process. Imidazolium ILs are known to exhibit unique spatial heterogeneity with ordered domains separated by an internal interface, and thus can serve as the template for shape modification of inorganic materials. However, it should be noted that Ag crystals with various hierarchical architectures obtained in this work are not likely to be a result of the self-assembling property of pure ILs, but of a complex structural organization which results from the mixture of IL with EG. This is supported by the comparative experiment that the use of a pure IL without EG only gives rise to irregularly aggregated Ag particles with lateral sizes of 1 -2 mm. Moreover, IL concentration in an IL/EG mixture is critical to the morphology tuning, indicating that ILs in the binary mixture play a key role in determining the self-assembly process of Ag primary particles.
A morphological variation of Ag crystals depending on the reaction conditions was further investigated by varying the reaction temperature at an IL/EG mixture with molar ratio of 0.5.
When the synthesis was performed at a relatively low temperature of 120 ° C, the product obtained was a star-shaped Ag crystal with a hierarchical substructure (Figure 7 E ) that is arranged outward from the center of the superstructure. These crystal structures could be a consequence of the IL-mediated self-assembly of the primary Ag nanoparticles and the partial fusion of adjoining particles at relatively low temperature.
When the reaction temperature was increased to 140 ° C at an IL/EG molar ratio of 0.5, the Ag crystals with octahedral shape (Figure 7 F) were obtained in which the joints between the assembled Ag nanoparticles, which were clearly observed in the star-shaped Ag crystals, had disappeared. Considering that the system is supplied with a relatively high thermal energy, it is likely that adjacent nanoparticles in the assembled structures slightly melted and restructured into an Ag octahedron with a smooth surface. As the reaction temperature was further increased to 160 ° C, the formation of Ag nanowires was favored as mentioned above. Therefore, it can be concluded that not only the IL concentration in the reaction mixture but also the reaction temperature is critical to the controlled synthesis of Ag crystals.
Given the ability of the IL in the IL/EG mixture to control the shape of metal nanostructures, several models can be proposed for the formation of Ag crystals with different shape. To elucidate the Ag crystal growth mechanism, the authors carried out time-dependent HR-TEM analysis for Ag nanowires by taking aliquots from the reaction mixture at different times.
As shown in Figure 8 A, growth starts with the formation of Ag seed crystals with sizes less than 10 nm, which gradually aggregated together (Figure 8 B) . In the intermediate step, a HR-TEM image shows elongated rod-like crystals (Figure 8 C) . These crystals are composed of small aggregated Ag nanocrystals, which are bound together and make up the larger particles, which indicates that preformed primary Ag nanoparticles undergo spontaneous self-assembly to produce extended architectures and anisotropic Ag growth proceeded by particle attachment.
With growing Ag nanoparticles, further coalescence leads to 1D construction of Ag crystals with hierarchical structure. Mesocrystals have been proposed to grow via oriented aggregation in a directed manner, such that the resulting larger crystals have an overall single crystal-like SAED pattern [47] . A relatively imperfect single crystal feature observed here implies that primary Ag nanoparticles have insuffi cient time to complete the crystallization. With longer reaction times, smoother crystal facets can be attained for the 1D chains of Ag nanoparticles because of continuous surface fl attening (Figure 8 F) . This underlines the authors ' view that the 1D Ag growth is a result of IL-mediated selfassembly and recrystallization of primary Ag nanoparticles into a single extended Ag crystal, rather than the point-initiated epitaxial growth (general seeded process). The formation of an extended 1D array of Ag nanoparticles via particle attachment in this case may be facilitated by interparticle interactions.
In aggregation-based crystal growth, the formation of larger crystal is energetically favored by the reduction in surface energy and thus provides a strong thermodynamic driving force for particle attachment. However, the interactions between unprotected Ag nanoparticles (i.e., in the absence of a surface capping agent) would generally lead to the formation of uncontrolled and randomly aggregated Ag particles. Therefore, the role of ILs in regulating the shape of Ag crystals is believed to consist of coordinating to surfaces of primary Ag nanoparticles with strong binding affi nity. In a previous report, imidazolium-based ILs have been shown to preferentially bind to high energy crystallographic orientation of gold surfaces such as the (100), (110), and (311) orientations [60 -62] . The authors also suggest that the imidazolium cation in bmim-MeSO 4 is adsorbed onto the surface of preformed Ag nanoparticles, which was evidenced by zeta potential measurement. In the case where the IL was absent in the reaction, the zeta potential value of an Ag nanoparticle in EG was measured as -42 mV. The introduction of an IL in the reaction mixture increases this value to -12 mV at the IL/EG molar ratio of 0.5, which is further increased to 72 mV with an IL/EG molar ratio of 5. This result implies that an imidazolium cation can be favorably adhered to the surface of Ag particles by electrostatic force. The preferential binding of ILs may lead to a directional polarizability of Ag nanoparticles and direct spontaneous self-assembly of these nanoparticles into Ag crystals with defi ned morphology. In this case, the structure and spatial directionality of assembled nanoparticles is likely to be affected by the portion of ILs bound to the surface of Ag nanoparticles. If the IL concentration in the reaction mixture is relatively low, only a small portion of the primary Ag nanoparticles is covered by the IL, which may afford the Ag particle aggregation into 1D arrangement yielding Ag nanowires. When the IL concentration in the reaction mixture is high enough to cover a large portion of the primary particles, particle aggregation into 3D arrangement is favored and Ag crystals such as multi-pod and bow-tie could be yielded.
Multistep formation of 1D polymer-silver particle microstructures and 3D hierarchic ordering into fl owerlike polymer-silver mesostructures monitored by in situ
and time-resolved SAXS Recently, we have reported the formation of fl ower-like silver nanoparticle mesostructures prepared by the reaction of silver nitrate and ascorbic acid in an acidic aqueous solution of a polynaphthalene system. The 3D fl ower-like structure has a purely hierarchical arrangement, wherein each petal is composed of bundles of silver particle chains, each enclosed in a polymer sheath [63] . To understand the formation mechanism of such complex structure, the aggregation modes of the polymer alone and after addition of AgNO 3 have been studied by SAXS; conversely, the morphology and the structure of the products (polymer-Ag0 mesostructures) have been analyzed by SEM, TEM, and powder X-ray diffraction (XRD).
The discussion of the results is organized in three sections; in the fi rst section we chemically analyze the fi rst step of the reaction, reporting (i) morphology and structural characterization of the products; (ii) monitoring early stage of product formation by way of time-resolved and in situ SAXS measurements, at different polymer concentration and temperature. In the second and third sections, we report the chemical results of the second and third reaction steps, correlated, for the last step, to time-resolved and in situ SAXS investigations.
The fi rst step of the reaction
The main reaction steps leading to the fl ower-like polymer-silver nanoparticle structures are shown in Scheme 1 . To understand the formation mechanism of such complex structures, we have studied the reaction step-by-step by way of chemical, morphological, and structural analyses of the intermediate and fi nal products and by in situ time-resolved SAXS measurements.
An easy chemical way to obtain nanostructured silver particles is by reduction, in aqueous solution, of AgNO 3 , the most common silver salt, with ascorbic acid (C 6 H 8 O 6 ) according to Eq. (1).
By mechanisms not yet completely understood, the silver atoms assemble, forming particles. To avoid particle agglomeration and maintain a good dispersion in water, a dispersing agent is usually employed. In this case, we have used a 0.5 % aqueous solution of a commercial polynaphthalene sulfonate polymer termed Daxad, formed by the condensation of naphthalene sulfonic acid with formaldehyde and subsequent neutralization with a sodium base. Daxad is a good dispersing agent for silver particles, even in very strong acidic conditions where the reduction of Ag + is slowed down due to the decrease of the double-deprotonated ascorbate anion, ascorbate 2-which, being a stronger reducer than ascorbic acid, is responsible for reduction in basic and neutral conditions [64] . In this way, by increasing the time to reach the Ag0 supersaturation concentration, the particle formation process can be tailored. Ag particles with a size of approximately 120 nm are formed at T = 40 ° C. SEM image of particles is shown in Figure 9 [65] . Electrophoretic measurements indicate that the particles are covered, as expected, by Daxad [65] .
Polymer multiscale structural features
To understand the role of the Daxad in silver particle formation, we fi rst investigated structural properties of polymer on different scale lengths. Micron-scale properties have been studied by means of polarized optical microscopy (POM) on aqueous acidic solutions of different Daxad concentration. The POM micrograph of a slowly evaporated 10 % w/w Daxad acidic solution shows a conic fan-like texture consistent with a columnar mesophase (Figure 10 ). The system may have a liquid crystal chromonic-like behavior. In fact, similar to chromonic liquid crystals, Daxad is constituted by water-soluble molecules that contain rigid polyaromatic cores. They do not show a clear separation of hydrophylic and hydrophobic parts, as the hydrophylic groups that impart water solubility are distributed all around the periphery of the hydrophobic aromatic rings. Consequently, they do not form micelles, nor do they show any appreciable surface activity. The driving force for self-association is a short-range intermolecular attraction involving both the σ -and π -bonds of the aromatic rings [66, 67] . These systems may also form relatively concentrated mesophases, although the detailed nature of the molecular order within the aggregates has not been determined. However, in our case, these mesophases, due to the Daxad molecular arrangement, could constitute casts for the silver structures.
To verify this hypothesis, structural features of our polymer-silver structures have also been visualized on a nanometric scale by SEM (Figure 11 ) images. We can observe piled, Daxad covered silver particles indicating that the polymer may contribute to form and order the particles on columnar blocks (it is important to note that the single, not piled, particles present in the micrograph could result from the dilution treatment used for the preparation of the SEM sample). This view is consistent with structural studies by SAXS measurements on Daxad powder polymer performed in the temperature range 5 -70 ° C. The scattering patterns, shown by the 3D plot of normalized intensity vs. temperature ( Figure 12 ) and q (left panel in Figure 12 ) were modeled by a sum of three contributes:
(i) a power law (Porod) regime taking into account aggregation forming larger particles:
where P C is a constant and P E is the power exponent; (ii) a Guinier exponential in the unifi ed form [68] 2 2 2 2
where G i and R gi are the contrast factor and the gyration radius of the particle, respectively, in each structural level i and q 
and 
Fits obtained at 5 ° C and 50 ° C, respectively, are reported in the right panel of Figure 12 . In the investigated q -range, the results show the occurrence of an ordered phase indicated by a peak at q g = 0.43 nm corresponding to a periodicity of electron density of approximately 14.5 + 1.5 nm. The observed spacing is consistent with a columnar order between nano-domains, observed in the SEM image ( Figure 11 ). This ordered phase does not show signifi cant changes in the investigated temperature range; the nano-domains, conversely, show intriguing temperature dependence. This behavior can be observed in Figure 13 , where the contrast factor of the dispersed domains, G , and their gyration radius, R g , increases sharply between 30 ° C and 40 ° C, following a Sigmoidal-like growth.
From the above observation, we could deduce and expect, indeed, that temperature, during the synthesis of silver particles, has marked effects on particle size, morphology, and aggregation. Thus, to understand how the crystalline silver particles form and aggregate at the different temperatures and Daxad concentrations, we performed in situ and time-resolved synchrotron SAXS measurements.
In situ time-resolved SAXS measurements
SAXS measurements were performed on the Austrian SAXS beamline at Elettra (Trieste, Italy) [69] ; we set the camera to a sample detector distance of 1.5 m and operated at a photon energy of 8 KeV covering the q -range between 0.07 and 1.7 nm. We used a batch reactor apparatus consisting of a glass fl ask where the reaction takes place, a remote controlled syringe that allowed us to add 4 ml of ascorbic acid solution at the fi xed rate of 0.5 ml min -1 into the reaction solution, and a peristaltic pump that continuously fl ows the solution mixture in a 1.5-quartz capillary through a closed circuit; the pumping rate was set to 20 ml min -1 to change all the tubing (1 m × 2 mm) volume in less than 10 s, avoiding particle deposition on the walls. Both the batch reactor and the capillary were thermostated. 2D SAXS patterns were thus regularly recorded on a CCD camera (Photonic Science, Oxford, UK). Data have been treated involving detector corrections for fl at-fi eld response, spatial distortion, dark current of the CCD, and normalization by the incident fl ux; water fl owing was also measured to assess and subtract the background from the data. The resulting 2D images were integrated to obtain 1D pattern of normalized intensity vs. scattering vector q .
Formation of the polymer-silver particles in the reaction fi rst step: time-resolving monitoring in
situ at different temperatures Acidic aqueous solution of AgNO 3 and Daxad was prepared before the addition of ascorbic acid. Time evolution of SAXS intensity at different time intervals is shown in Figure 14 A -C for the three investigated temperatures. For each temperature, the SAXS profi les present the following main features: (i) the scattered intensity
where the second term
takes into account the formation of N spherical primary particles with radius R ; C is a constant independent of q and R ; V ( R ) and Φ ( q , R ) are the volume and the form factor of the single spherical particle, respectively. To account for the polydispersivity of the particles, the intensity has been integrated over a log-normal distribution of R , P ( R ) given by
Finally, the scattering oscillations have been modeled in the monodisperse approximation of hard spheres with radius R HS and volume fraction η calculated with the Percus-Yevick equation. The trust-region-refl ective algorithm has been used to fi t the data and to obtain the time dependence of parameters [71] . The reliability of refi ned parameters has been checked by calculating their confi dence intervals [71] from which we obtained the reduced standard deviation, rsd, of all parameters. We found that the rsd on the refi ned parameters R , σ , N [describing the I p ( q ) term] are rather large before the instants t × 20 = 50 s, t × 40 = 20 s, and t × 60 = 15 s at T = 20 ° C, 40 ° C, and 60 ° C, respectively [70] at the same time, the rsd ∆ P E / P E of the P E exponent [describing the I BKG ( q ) term] is found to be generally rather small and acceptable. This indicates at each temperature, before the t * instants, the scattered intensity is largely dominated by the background, I BKG ( q ). Thus, before t *, the SAXS intensity can be related to a fractal system made of large clusters with dimension P E and size ξ with q ξ > > 1 in the measured q -range [72] .
As soon as the reduction process by ascorbic acid takes place, diffraction interference oscillations arise, indicating long range spatial correlations (LRSCs) on different volume fractions and distances as a function of both the temperature and the time. These oscillations are stronger at 40 ° C ( Figure  15 ) where the ordering turns on after an incubation time of approximately 10 s and covers all the available volume fraction in approximately 30 s. This behavior is consistent with a nucleation regime (I) typical of cooperative phenomena, followed by an ordering regime (II) characterized by a nearly linear shifting of the correlation length. Temperature changes leads to weaker correlations, as can be seen in Figure 15 [70] .
The arising and development of these correlations during the reduction process come from the polymer network arrangement. This arrangement is found to be " dynamic " , changing during the aggregation process as described by the time evolution of the Ag-polymer background matrix in the solution, I BKG ( q ), in Eq. (2) . At the beginning of the Ag + reduction ( t > t 0), P E assumes low values, less than 2; as the reaction goes on P E increases and reaches its steady value of approximately 2.1 at T = 20 ° C and 2.5 at T = 60 ° C ( Figure   T=20°C 
T=40°C
Normalized intensity gradually increases in the low q region indicating the nucleation and growth of Ag-polymer particles; (ii) a power law profi le in the high q region; (iii) the development of interference oscillations particularly evident at T = 40 ° C. To describe and quantify these peculiar aspects of our experimental work, we assumed a theoretical model consisting of two components. The fi rst component, I BKG ( q ), given by Eq. (2), takes into account the power law behavior predominating at high q due to fractal-like polymeric clusters in the solution; the second one, I p ( q ), describes highly dispersed particles interacting via hard-sphere potential. Thus the model I ( q ) can be written as:
polymer clusters in the colloid; as P E exceeds 3 the system undergoes a mass-surface fractal transition, indicating the formation of more compact objects only at T = 40 ° C.
Thus, we describe a scenario where primary nanoparticles form and aggregate through fractal polymer building units that reorganize themselves during the reduction process. The primary particles are capped in a matrix provided by the polymer; as they nucleate and grow, the matrix is able to connect and correlate them on temperature-dependent spatial distances R HS . More specifi cally, Ag + ions, able to coordinate to the sulfonic groups of the polymer, act as connecting nodes that link the sulfonic groups of different polymer building units giving rise to a network that evolves from mass fractal type to surface fractal type at T = 40 ° C, while mass fractal remains at 60 ° C and 20 ° C. In other words, the complex polymer-silver interactions developing during the reaction seem to provide a type of " dynamical template " changing with the reaction temperature and leading to different fractal aggregation types and different morphologies.
SEM images of the products synthesized at T = 20 ° C, T = 40 ° C, and T = 60 ° C are shown in Figure 9 . Irregular rodlike structures are produced at T = 20 ° C, stable single particles at 40 ° C and from the reaction performed at T = 60 ° C chainlike particle structures are formed. Interesting, however, is that XRD powder measurements (Figure 16 ) show that the rods, particles, and particle chains are all constituted of silver crystalline primary particles of approximately 20 nm, as obtained from Scherrer analysis of diffraction peaks [73] . Furthermore, electrophoretic measurements indicate that the rods, particles, and particle chain structures are covered, as expected, by the polymer [65] .
Formation of the polymer-silver particles:
time-resolving monitoring in situ at different polymer concentrations To understand the role of the polymer, time-resolved SAXS measurements in situ have been performed at different Daxad concentrations. We used the same experimental set-up described in Section 1.2.2, collecting SAXS pattern with a time resolution of 10 s. As observed in temperature-dependent measurements for solution with 0.6 % w/w Daxad concentrations, the primary particle total volume, given by
reaches a saturation value also in the 0.3 % w/w Daxad concentration solution; at this point, primary particles with a size of 18 nm in diameter and dispersivity of 0.5 % are formed. At the same time, we found a decrease of primary particle volume in the highly Daxad concentrated solution (1.2 % w/w). This is due to particle sedimentation that gives rise to well separate solid agglomerate in the solution; during the sedimentation, also the P E exponent decreases going down to approximately 1.5, as illustrated in Figure 17 B. The formation of the silverpolymer agglomerate is probably mainly due to the observable increased viscosity of the polymer solution. In this condition, the polymer, instead of dispersing the Ag particles, favors their agglomeration. We have investigated the structural features of this agglomerate by SAXS and XRD. By inspecting the SAXS pattern ( Figure 18 ) we note completely different features in comparison with the patterns collected during the particles formation: in the high q region the power law behavior is replaced by a large shoulder; also in the low q zone, a second large shoulder appears while we do not detect any oscillations as previously found in solution. Thus, we modeled this spectrum using the Guinier exponential equation in unifi ed form [68] given by Eq. (3) with i = 2. We found two different particle populations ( R g = 14 nm and R g = 2.5 nm) with polycrystalline features, as shown by the XRD pattern in the inset of Figure 18 .
Taking into account all the described results, we can state that the higher concentration of the polymer (1.2 % w/w) leads to the precipitation of silver crystalline particles with sharp interfaces. As these particles sediment in the fl ask, the background (Ag-polymer) template changes its fractal dimension as P E decreases assuming values less than 3; this indicates that the template returns to be arranged as mass-fractal type, once the silver particles are formed and precipitated. Moreover, the absence of any oscillation in the Ag agglomerate SAXS patterns, previously found during the particle formation, suggests liquid fl uctuations driving the primary particle aggregation as intermediate precursors. This discloses a new scenario where a nonstandard pathway takes place in the metal nanoparticle synthesis, following strategies typical of several complex processes [75 -80] .
The second step of the reaction
As the nitrate group, at low pH, is a strong oxidant, Eqs. (11)- (13),
silver particles (step 1 in Scheme 1) are unstable in the acidic reaction solution.
By increasing the temperature, the process speeds up (step 2 in Scheme 1), the silver particles dissolve because Ag0 is oxidized to Ag + by nitrate which in turn is reduced to nitrogen oxide. Ag + ions may remain on the Daxad coordinated to its sulfonic groups, whereas nitrogen oxide reacts with dehydroascorbic acid, probably forming as an intermediate O-nitrosoascorbate. In turn, O-nitrosoascorbate decomposes into erythro-ascorbate and cyanides, perceptible by the characteristic smell (Scheme 2 ) [81, 82] .
The third step of the reaction
After 15 h at 60 ° C or 3 -4 h at 100 ° C, the solution containing a beige precipitate is cooled to room temperature (step 3 in Scheme 1). As shown area. A further decrease of particle surface energy is obtained by interaction of the particle surface with the polymer chains that, folding around the particles, form the tubular polymer sheath.
Time-resolving monitoring in situ of the formation of fl ower-like polymer-silver nanoparticle microstructure
In the fi rst step of the reaction, previously investigated and described in Section 1.1.2 by in situ and time-resolved SAXS measurements, we have found that the dynamic arrangement of polymer during the Ag + reduction process gives rise to LRSCs. Both the power law of these spatial correlations and their surprising long length in comparison with the particle size indicate the ability of the system to self-organize itself. Although there are several well-known phenomena where self-organization arises by way of equilibrium nonlinear processes, the mechanism of spatial self-organization at the molecular level still constitutes a debated and unsolved theme.
In this section, we describe, by way of time-resolved and in situ SAXS measurements, the nanoparticle formation and intriguing self-organization in fl ower-like structures presenting a hierarchic arrangement, wherein each petal is composed of bundles of silver particle chains, each enclosed in a polymer sheath. These 3D structures are obtained by further heating the colloidal silver particle suspension obtained at 40 ° C, at T = 60 ° C and keeping the colloidal suspension at this temperature. The reaction was monitored by collecting in situ SAXS patterns with a time resolution of 1 min; in the second step of Scheme 1 the SAXS patterns do not change signifi cantly; a typical pattern (measured at t = 265 min) is shown in Figure  20 A. The pattern presents a clear power law behavior with exponent P E ∼ 3 at low q values, associated with larger primary particle aggregation; a noisy Guinier-like regime, associated with primary particles, occurs towards higher q ; Eq. (2) with i = 1 constitutes a good model for our data as shown by the thick line in Figure 20 A.
After approximately 265 min, in the third step of the reaction, the scattered intensity starts to increase as shown in Figures 20 B and 21 A. The increase is mainly due to the power law regime during the reaction, as indicated by the P C behavior in Figure 21 B, whereas the Guinier-like regime appears to be not signifi cantly affected during the reaction. As larger aggregated particles are obtained by primary particle aggregation, the P C behavior describes the aggregation process in solution and indicates the importance of the polymer role in the particle formation; the silver particles arrange linearly along the polymer, some forming contact in Figure 19 A, B, the precipitate consists of micrometer-sized fl ower-like structures. The silver structure is formed by linearly aggregated silver particles (diameter 10 -15 nm) enclosed in a polymer sheath (Figure 19 C) . SAED of silver particle fl ower-like structures (Figure 19 C, inset) showed rings indexed according to the silver cubic structure.
The CN groups further increase the Ag + -polymer interactions, forming -Ag-C ≡ N-Ag-C ≡ N-linear chains parallel to the long direction of the polymer tubular sheath as shown in the HR-TEM micrograph in Figure 19 D, by the orientation of the lattice fringes with a spacing of 0.301 nm corresponding to the 110 crystalline planes of AgCN. The preferential orientation is confi rmed by the higher intensity of the [110] peak in the XRD spectrum with respect to the AgCN powder spectrum [63] .
Moreover, erythro-ascorbate is able to reduce Ag + to Ag0 (Scheme 3 ) [82] . Silver particles then form linearly along the polymer, some forming contact areas with neighboring particles. In all cases, the assembly is driven by minimizing the particle interface energy and reducing the exposed surface areas of various confi gurations with neighboring particles, giving rise to the 3D architectures of SEM and TEM images of Figure 19 .
Concerning the self-assembly of the polymer-silver particles into fl ower-like structures, the arrow in Figure 19 A indicates that the " fl owers " form at each half of a dumbbelllike structure [63] . The dumbbells are observed either alone or superimposed at their midpoints into more complex structures. The dumbbell shape may indicate that intrinsic electric dipoles are present, as reported for example the Kniep group for the morphogenesis of fl uorapatite-gelatin composites [83] . In the present case, they might be due to the presence on the polymer of AgCN chains. In MCN linear compounds (M = metal elements of the groups I and II in the periodic table) in fact, electric dipoles are formed because of electron transfer from the metal atom to the CN group [84] .
Each half dumbbell constitutes a bud (see, e.g., the structure pointed by the arrow in Figure 19 A) the sedimentation process, two or more dumbbell structures may join at their midpoints forming multibud fl ower structures (Figure 19 A) . The perfection of the fl ower shape shown in Figure 19 A, B is probably the result of mutual chemical and structural interactions between the inorganic and organic agents modulated by the interplay of the redox properties of nitric and ascorbic acid towards silver (see Schemes 2 and 3). In turn, the interactions can be determined by tuning the reaction temperature, time, pH, and polymer concentration. Our results, proving the control on the fi nal morphology of the above-mentioned parameters, contribute both to the understanding of the silver particle formation mechanism and assembling in complex structures and to possible technological applications in the near future.
Summary and future directions
We have surveyed exemplary results achieved in the understanding of the formation mechanism of silver particle 1D, 2D, and 3D mesostructures easily obtained in solution. In one case in particular, the multistep mechanism behind their formation has been investigated by in situ time-resolved SAXS at different temperatures and polymer concentrations. Data analyses suggest that in the fi rst step the nucleation, growth, and aggregation of primary particles of 15 -20 nm correlations driven by Ag-polymer interactions that depend on the temperature and provide a fractal-like " dynamic template " in the solution. Thus, the temperature can be seen as the early cause that rules the assembly of primary silver nanoparticles; particles are obtained at T = 40 ° C, whereas friable larger structures and chain-like structures are formed at lower (20 ° C) and higher temperature (60 ° C), respectively. Our data show that the extent of spatial correlations in variable fractal geometries during nanoparticle formation constitutes a key point for understanding the different morphologies of the emerging patterns.
Further on, in the following reaction steps, the 3D fl owerlike mesostructure originating by further heating the colloidal silver particle suspension obtained at 40 ° C has a purely fl ower-like hierarchic arrangement, wherein each petal is composed of bundles of silver nanoparticle chains, each enclosed in a polymer sheath. The ordering arises from strong adsorption of silver ions onto the polymer and by the interplay of the redox properties of nitric and ascorbic acid. As a result, linear silver cyanide, formed on the polymer, probably due to intrinsic electric dipole fi elds, organizes the silver particle chains in dumbbell-like structures, resembling fl ower-like structures. Time-resolved SAXS measurements performed during the formation of the fl ower-like microstructures show that the equilibrium state in solution (step 2 in Scheme 1) is broken because of the formation of silver particles aggregating linearly along the polymer and hierarchically assembling into the 3D mesostructures. Although work still needs to be done to have a full comprehension of the reaction mechanism of such complex hierarchically ordered fl ower-like structures, this study clearly highlights the importance of organic-inorganic polymer-silver interactions even at the very early stages of nanoparticle formation.
To better understand the formation mechanism of such complex structures, mainly in the second and third steps, work-in-progress concerns the study of the formation process using ultra small angle diffraction at higher time resolution. This could provide further and new insight into the topical issue of hybrid materials fabrication. Full comprehension of the hierarchic polymer-silver nanoparticles ordering mechanism will contribute to pave the way to a facile, fast, and inexpensive general chemical method to assembling metal nanoparticles in hybrid micrometer long chains and 3D microstructures of complex forms.
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